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Windsor L.  Sherman 
L a n g l e y  Research C e n t e r  
S U M M A R Y  
Ref inemen t s  i n  t h e  l a t e r a l  and  l o n a i t u d i n a l  S u i d a n c e  f o r  a n  a u t o m a t i c  
l a n d i n g  s y s t e m  c a p a b l e  of c u r v e d  t r a j e c t o r i e s  have b e e n  s t u d i e d .  Wing 
f l a p s  o r  drag f l a p s  ( s p e e d  brakes)  were found  t o  p r o v i d e  fas te r  and  more 
p r e c i s e  s p e e d  c o n t r o l  t h a n  a u t o t h r o t t l e s .  I n  t h e  case o f  t h e  l a t e r a l  con- 
t r o l ,  i t  i s  shown t h a t  t h e  u s e  of  t h e  i n t e s r a l  o f  t h e  roll e r r o r  i n  t h e  roll 
comgand o v e r  t h e  f i r s t  30 t o  40 s e c o n d s  of  f l i e h t  r e d u c e s  t h e  s e n s i t i v i t y  o f  
t h e  l a t e r a l  g u i d a n c e  t o  t h e  s a i n  o n  t h e  az imuth -pu idance -ang le  e r r o r  i n  t h e  
roll command. A l s o ,  c h a n g e s  t o  t h e  g u i d a n c e  a l g o r i t h m  are  g i v e n  t h a t  p e r m i t  
 radian a p p r o a c h e s  and  c o n s t r a i n  t h e  a i r p l a n e  t o  f l y  i n  a s p e c i f i e d  p l a n e  
d e f i n e d  by  t h e  p o s i t i o n  o f  t h e  a i r p l a n e  a t  t h e  s t a r t  of  l e t d o w n  and  t h e  
f l a r e  p o i n t .  
INTRODUCTION 
An a u t o m a t i c  l a n d i n g  s y s t e m  c s p a b l e  o f  g u i d i n g  an a i r p l a n e  t o  a prec ise  
landine :  would be  of  d i s t i n c t  b e n e f i t  t o  b o t h  c i v i l  and  m i l i t a r y  a i r c r a f t  
o p e r a t i o n s ,  a s  t h e  c e s s a t i o n  o f  o p e r a t i o n s  due  t o  i n c l e m e n t  w e a t h e r  would 
be  g r e a t l v  r e d u c e d ,  a s  would t h e  u s e  o f  a l t e r n a t e  a i r f i e l d s ,  w h i c h  a r e  
o f t e n  a l o n g  d i s t a n c e  from t h e  o r i F i i n a 1  d e s t i n a t i o n .  P e f e r e n c e  1 d e s c r i b e s  
and r e p o r t s  t h e  o e r f o r n a n c e  i n  a b l a n d  e n v i r o n m e n t  o f  a n  a u t o m a t i c  l a n d i n g  
s y s t e q  t h a t  c a n  p u i d e  a n  a i r p l a n e  a l o n g  a s t e e p ,  c u r v e d  t r a j e c t o r y  t o  a 
p rec i se  l a n d i n g  w i t h o u t  t h e  u s e  o f  a n o v i n s l  t r a J e c t o r y .  F e f e r e n c e  2 con- 
silers t h e  same s y s t e m  i n  a nonb l snd  e n v i r o n m e n t .  The d i s t u r b a n c e s  c o n s i d -  
ered were wind ,  wind s h e a r s ,  t u r b u l e n c e ,  d a t a  sample  r a t e ,  and  c o n t r o l -  
s u r f a c e - a c t u a t o r  n a t u r a l  f r e q u e n c i e s .  na ta  r a t e  c o m p a t i b i l i t y  w i t h  t h e  
microwave l a n d i n g  s y s t e m  was shown. 
The work r e p o r t e d  h e r e i n  3 e n e r a l i z e s  t h e  b a s i c  s y s t e m  d e s c r i b e d  i n  
r e f e r e n c e s  1 and 2 s o  t h a t  t h e  u u i d a n c e  commands c a n  b e  g e n e r a t e d  from 
d a t a  a c q u i r e d  b y  ground-based  a c q u i s i t i o n  s y s t e m s .  C o n s t r a i n t s  o n  t h e  
f l i g h t - p a t h  a n g l e  and  t h e  u s e  o f  ae rodynamic  s u r f a c e s  i n s t e a d  o f  a u t o m a t i c  
t h r o t t l e s  f o r  s p e e d  c o n t r o l  a r e  i n v e s t i g a t e d .  M o d i f i c a t i o n s  t o  t h e  l a t e r a l  
g u i d a n c e  s y s t e m  t h a t  remove t h e  s e n s i t i v i t y  o f  l a t e r a l  s u i d a n c e  t o  t h e  
g a i n  on  t h e  runway c e n t e r i n g  e r r o r  a r e  q i v e n .  U n l e s s  otherwise n o t e d ,  
a l l  da t a  p r e s e n t e d  h e r e i n  were o b t a i n e d  w i t h  a s t e a d y  wind and  t h e  p a t c h y  
t u r b u l e n c e  d e s c r i b e d  i n  r e f e r e n c e  2 .  
SYMBOLS 
The I n t e r n a t i o n a l  Sys t em o f  U n i t s  is u s e d  t h r o u g h o u t  t h i s  p a p e r .  
All a n g l e s  are measured  i n  r a d i a n s .  
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S u b s c r i p t s :  
C command 
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A d o t  o v e r  a v a r i a b l e  i n d i c a t e s  d i f f e r e n t i a t i o n  w i t h  r e s p e c t  t o  t i n e .  
B A S I C  AUTOLAND SYSTEM 
The a u t o l a n d  s y s t e m  used  i n  t h i s  s t u d y  i s  t h e  s y s t e m  d e s c r i b e d  i n  refer-  
ence  1 ,  mod i f i ed  f o r  t h e  effect  of wind as d e s c r i b e d  i n  r e f e r e n c e  2 .  I n  
t h e  sys t em d e s c r i b e d  i n  r e f e r e n c e s  1 and 2 ,  a n  a i r b o r n e  r a d a r  w a s  assumed 
3 
and modeled as p a r t  o f  t h e  s y s t e m .  
components  o f  t h e  r a n g e  and r a n g e - r a t e  v e c t o r s  a l o n g  and p e r p e n d i c u l a r  t o  
t h e  runway c e n t e r  l i n e .  
w i th  t h a t  da ta .  S e v e r a l  methods o f  u s i n g  these d a t a  i n  a n  a i r b o r n e  p r o c e s s o r  
t o  o b t a i n  t h e  i n p u t s  t o  t h e  g u i d a n c e  laws are: 
A c t u a l l y ,  t h e  o n l y  data needed are t h e  
It was assumed t h a t  t he  a i r p l a n e  would be  s u p p l i e d  
(1) Use r a n g e  data t o  o b t a i n  6 ,  e A C ,  B A A ,  and y c .  
(2 )  Use r a n g e  data t o  o b t a i n  B A C ,  B A A ,  and obta in .  yC and 6 from 
an  i n e r t i a l  measu r ing  u n i t .  
( 3 )  Use t h e  r a n g e  and r a n g e - r a t e  data t o  o b t a i n  6 ,  8 A c ,  B A A ,  and y c .  
The f irst  method was d i s c a r d e d  b e c a u s e  small d i f f e r e n c e s  o f  large num- 
bers  were i n v o l v e d  i n  t h e  d e t e r m i n a t i o n  o f  6 .  The second method i s  e s s e n -  
t i a l l y  t h e  o n e  used  i n  r e f e r e n c e  2 .  
data  f o r  t h e  g u i d a n c e  laws i n  t h i s  p a p e r .  
p o n e n t s  o f  r a n g e  and r a n g e  r a t e  R l l l  R12’  R and  R I 1 ,  R and  R 1  , 
r e s p e c t i v e l y ,  were s u p p l i e d  t o  t h e  a i r p l a n e  pu?$ance s y s t e m .  $2; e q u a t i o a s  
used  t o  d e t e r m i n e  t h e  i n f o r m a t i o n  f o r  t h e  g u i d a n c e  laws were 
The t h i r d  method was u s e d  t o  o b t a i n  t he  
It was assum?d t h a ?  t he  thref l  com- 
A = 2 + 812 2 + i13 2 
B A  = s i n -  1 ( 1 2 / RH) ( 5 )  
e, = tan-1(R13/RH) ( 6 )  
(See f i g .  1 . )  The h e a d i n g  a n g l e  o f  t h e  a i r p l a n e  was c a l c u l a t e d  b y  u s i n g  a n  
i n v e r s e  t a n g e n t  method based on t h e  s i n e  and c o s i n e  s o  t h a t  t h e  c o r r e c t  
q u a d r a n t  was o b t a i n e d .  The e q u a t i o n s  u s e d  were 
s i n  6 = ’ 12/’H ( 7 )  
cos  6 = ‘1 l/’H ( 8 )  
and t h e  h e a d i n g  a n g l e  was o b t a i n e d  from 
JI = t a n ” ( s i n  $ / c o s  6 )  ( 9 )  
T h i s  i s  e q u i v a l e n t  t o  d e t e r m i n i n g  JI from t an - ’  F l 2 / k l 1 )  because t h e  
i n v e r s e  t a n g e n t  is d e f i n e d  o n l y  between 0 and k n / 2 .  The u s e  o f  equa-  
t i o n s  ( 7 )  t o  ( 9 )  removes a m b i g u i t y  as t o  t h e  p r o p e r  q u a d r a n t  f o r  t h e  a n g l e  
6 .  The o t h e r  data were c a l c u l a t e d  as f o l l o w s  
4 
I f  t h e  i n i t i a l  h e a d i n g  a n g l e  a i  is greater t h a n  r / 2 ,  t h e  a n g l e  'AA 
p a s s e s  t h r o u g h  r / 2  d u r i n g  t h e  l a n d i n g  maneuver .  T h i s  c a u s e s  t h e  t a n g e n t  
of 'AC t o  become i n f i n i t e  and  large r o l l  a n g l e s  are  commanded. T h e r e f o r e ,  
if ai was greater t h a n  r /2 ,  eAC was c a l c u l a t e d  by t h e  a l t e r n a t e  
e x p r e s s i o n  
'AC - ( 1 2 )  
t h r o u g h o u t  t h e  l a n d i n g  maneuver .  I n  a d d i t i o n  t o  t h e  a n g l e s  'A* and €IAc, 
t h e  commanded l e t d o w n  
were needed f o r  t h e  v e r t i c a l  g u i d a n c e .  These were g i v e n  by 
and t h e  f l i g h t - p a t h  a n g l e  o f  t h e  a i r p l a n e  yc 
( H  > 20.0)  
( H  < 2 0 . 0 )  
( 1 3 )  
where Y20 
20 meters. The f l i g h t - p a t h  a n g l e  o f  t h e  a i r p l a n e  was d e t e r m i n e d  by t h e  u s e  
o f  t h e  e x p r e s s i o n  
i s  t h e  v a l u e  o f  t h e  a i r p l a n e  f l i g h t - p a t h  a n g l e  a t  a n  a l t i t u d e  o f  
Y = - t a n - l  ('I 3/'H) ( 1 5 )  
The q u a n t i t i e s  eat, O A A ,  and 6 g i v e n  by e q u a t i o n s  (9) t o  ( 1 2 ) ' w e r e  used  
i n  t h e  t u r n  a l g o r i t h m ,  which i s  
4)c = k2[bc - 6 - k36 -+ k l  ('AC - 'AA)] ( 1 6 )  
where $c is  t h e  h e a d i n g  of  t h e  runway and t h e  g a i n s  k l  and were 
k~ i s  c a l c u l a t e d  by t h e  method g i v e n  i n  a p p e n d i x  B o f  r e f e r e n c e  2 and 
a c o n s t a n t  g a i n  and i s  e q u a l  t o  0.8.  The q u a n t i t i e s  yc and y ,  g i v e n  b y  
e q u a t i o n s  (131 ,  ( 1 4 1 ,  and ( 1 5 ) ,  were used  i n  t h e  l e t d o w n  a . l g o r i t h m  t o  g e n e r -  
a te  a p i t c h - r a t e  command f o r  t h e  a u t o p i l o t .  The a l g o r i t h m ,  g i v e n  i n  re fe r -  
e n c e  1 ,  i s  
3 
g t a n  +c 
- Yo) + s i n  + c  + h] - k16 -Tot ( Y c  - Yo)dt ( 1 7 )  
vT 
The g a i n s  and c o n d i t i o n s  on t h e  u s e  o f  t h e  l e t d o w n  a l g o r i t h m  are  g i v e n  i n  
a p p e n d i x  E of r e f e r e n c e  1 .  
Winds and 
S t e a d y  wind and t u r b u l e n c e  
p a p e r .  I n  t h e  program u s e d  t o  
T u r b u l e n c e  Used i n  S t u d y  
were used  i n  most  cases p r e s e n t e d  i n  t h i s  
g e n e r a t e  t h e  wind and t u r b u l e n c e ,  headwinds  
I 
were n e g a t i v e  and  down b l a s t s  were p o s i t i v e .  
-25.8 m/sec and was d i r ec t ed  a t  77/4 r a d i a n s  t o  t h e  runway c e n t e r  l i n e  s o  
there was a component of -18.24 m/sec a l o n g  t h e  runway and -18.24 m/sec , 
a c r o s s  t h e  runway. There was n o  v e r t i c a l  component of  t h e  s t e a d y  wind.  The 
t u r b u l e n c e  was based o n  t h e  o u t p u t  of  a random number g e n e r a t o r  t h a t  gave  a 
normal  d i s t r i b u t i o n  o f  random numbers between ? I .  The s p e c i f i c  t u r b u l e n c e  
used  was t h e  p a t c h y  t u r b u l e n c e  used  i n  r e f e r e n c e  2.  The t u r b u l e n c e  was cal-  
c u l a t e d  a l o n g  a l l  t h r e e  i n e r t i a l  a x e s ,  t h e n  summed w i t h  t h e  s t e a d y  wind 
components and t r a n s f o r m e d  t o  a i r p l a n e  a x e s  f o r  u s e  i n  t h e  c a l c u l a t i o n s .  
The t u r b u l e n c e  g e n e r a t e d  a l o n g  e a c h  a x i s  i s  shown i n  f i g u r e  2 and c o v e r s  
120 s e c o n d s  of f l i g h t  time. As t h e  t u r b u l e n c e  is  t h e  same from r u n  t o  r u n ,  
these c u r v e s  show t h e  t u r b u l e n c e  t h e  a i r p l a n e  i s  e x p e r i e n c i n g  as i t  makes 
t h e  l a n d i n g  maneuver .  
The s t e a d y  windspeed was 
A c c e p t a b l e  Touchdown C o n d i t i o n s  
I n  t h e  i n v e s t i g a t i o n  r e p o r t e d  h e r e i n ,  t h e  l a n d i n g  was a s s u n e d  t o  take 
p l a c e  on a runway 3000 meters l o n g  and 50 meters wide .  The d e s i r e d  touch-  
down p o i n t  was on t h e  c e n t e r  l i n e  100 meters from t h e  t h r e s h o l d  o f  t h e  
runway. The v a l u e s  of 0 ,  6 ,  c l ,  c 2 ,  and y ,  b e c a u s e  o f  t h e  r e f e r e n c e  
u s e d ,  i n d i c a t e  t h e  e r r o r s  from t h e  i d e a l  touchdown c o n d i t i o n  i n  which a l l  
these v a r i a b l e s  would have  a v a l u e  o f  z e r o .  For t h e  p u r p o s e  o f  d e t e r m i n i n g  
whe the r  a l a n d i n g  was s a t i s f a c t o r y ,  an  a r b i t r a r y  s e t  o f  c o n d i t i o n s  was 
e s t a b l i s h e d .  If a l a n d i n g  f i t t e d  w i t h i n  t h e  f o l l o w i n g  l i m i t s ,  i t  was s a i d  
t o  be s a t i s f a c t o r y :  
41 = k0.06 r a d  
IJJ 20.01 rad  
c 1  = 0 t o  500 m from touchdown p o i n t  
0 < w Z  1.0 m/sec 
0.017 2 0 0.061 r a d  
j 
The a n g l e  IJJ g i v e s  t h e  d i r e c t i o n  o f  t h e  v e l o c i t y  v e c t o r  when wind and t u r -  
b u l e n c e  are  p r e s e n t  o r  t h e  d i r e c t i o n  o f  t h e  a i r p l a n e  x - a x i s  when t h e r e  i s  
no wind n o r  t u r b u l e n c e .  I t  i s  a l w a y s  referred t o  as  t h e  h e a d i n g  a n g l e .  
RESULTS AND DIscussIm 
Autoland L o n g i t u d i n a l  C o n t r o l  
The l o n g i t u d i n a l  c o n t r o l  of t h e  bas i c  s y s t e m  d e s c r i b e d  i n  r e f e r e n c e s  1 
and 2 is a c h i e v e d  by  t h e  f o l l o w i n e :  th ree  s u b s y s t e m s :  
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( 1 )  The f l i p h t - p a t h  c o n t r o l  sys t em - t h i s  sys t em r e c e i v e s  g u i d a n c e  i n f o r -  
ma t ion  from t h e  g u i d a n c e  computer  and c o n t r o l s  t h e  l e tdown  o f  t h e  a i r p l a n e  
t o  t h e  runway a n d ,  working  w i t h  t h e  s i d e s l i p  c o n t r o l ,  p r o v i d e s  t u r n  c o o r d i n a t i o n .  
( 2 )  The a u t o m a t i c  t r i m  sys t em - t h i s  s y s t e m  makes u s e  o f  t h e  s t a b i l i z e r  
t o  t r i m  c o n t i n u o u s l y  t h e  p i t c h i n g  rooment due t o  a n g l e  o f  a t t a c k .  
( 3 )  The s p e e d - c o n t r o l  s y s t e m  - t h i s  s y s t e m  u s e s  a u t o m a t i c  t h r o t t l e s  t o  
c o n t r o l  t h e  speed  of t h e  a i r p l a n e  t o  s p e c i f i e d  v a l u e s  of approach  speed  and 
l a n d i n g  speed  t h a t  are  c o n t a i n e d  i n  t h e  g u i d a n c e  computer  and f e d  t o  t h e  
s p e e d - c o n t r o l  sys t em a s  a f u n c t i o n  o f  f l i g h t - p a t h  a n g l e  and a l t i t u d e .  
These  three s y s t e m s  o p e r a t e d  i n  c o m b i n a t i o n  t o  p r o v i d e  a d e q u a t e  a u t o m a t i c  
l o n g i t u d i n a l  c o n t r o l  f o r  t h e  a u t o l a n d  s y s t e m .  Speed r e g u l a t i o n  was poor  b u t  
s u f f i c i e n t  f o r  t h e  l a n d i n g  maneuver .  
The r e s u l t s  of f u r t h e r  i n v e s t i g a t i o n s  on t h e  f l i g h t - p a t h  and speed-  
c o n t r o l  s y s t e m s  t h a t  improve  t h e  r e s p o n s e  o f  t h e s e  s y s t e m s  and c o n s t r a i n  
t h e  f l i g h t  p a t h  t o  a s p e c i f i e d  p l a n e  are  p r e s e n t e d  i n  t h e  f o l l o w i n g  sec- 
t i o n s .  The f l i g h t - p a t h  c o n t r o l  s y s t e m  i s  d i s c u s s e d  f i r s t .  
- _  F l i p h t - p a t h -  c o n t r o l  system .- The f l i p h t - p a t h  c o n t r o l  sys t em used  i n  
r e f e r e n c e s  1 and 2 i s  e s s e n t i a l l y  t h e  same s y s t e m .  When a v e r t i c a l  d i s -  
p lacement  o c c u r s  as t h e  r e s u l t  o f  wind o r  t u r b u l e n c e ,  t h e  g u i d a n c e  d o e s  
n o t  a t t e m p t  t o  r e t u r n  t h e  a i r p l a n e  t o  t h e  p r e v i o u s  f l i g h t  p a t h ,  b u t  i t  
d e t e r m i n e s  a new l e t d o w n  s t r a t e g y  s o  t h a t  t h e  a i r p l a n e  c a n  f l y  t o  t h e  l a n d -  
i n g  p o i n t  f rom i t s  p r e s e n t  p o s i t i o n .  
_ _  Gain cbanne_s and  f l a p  s e t t i n , m . -  F u r t h e r  i n v e s t i g a t i o n  showed t h a t  
improved pe r fo rmance  c o u l d  be  o b t a i n e d  by making minor  m o d i f i c a t i o n s  t o  
t h e  b a s i c  sys t em.  These m o d i f i c a t i o n s  are t o  r e p l a c e  t h e  term w i t h  
dr s i n  Q and t o  change  k I 6  from 1 .0  t o  0 . 8  i n  e q u a t i o n  ( 1 7 ) .  I n  a d d i t i o n  
t o  t h e s e  p a i n  s t u d i e s ,  i t  was found t h p t  l o w e r i n g  the  uppe r  l i m i t  on f l a p  
d e f l e c t i o n  h e l p e d  t h e  a i r p l a n e s  a t t a i n  a p r o p e r  p i t c h  a t t i t u d e  f o r  l a n d i n ?  
( r e f .  1 ) .  I n  s t i l l  a i r ,  l i m i t i n g  t h e  d e f l e c t i o n  t o  0 .61087 r a d i a n  improved 
t h e  p i t c h  a l t i t u d e  f rom -2.25 x r a d i a n  t o  4 .79  x r a d i a n .  Thus ,  
l i m i t i n g  t h e  f l a p  d e f l e c t i o n  changed a n  u n a c c e p t a b l e  p i t c h  a t t i t u d e  t o  a n  
a c c e p t a b l e  one .  The maximum f l a p  d e f l e c t i o n  was found t o  v a r y  w i t h  wind- 
s p e e d .  For  a wind o f  -25.8 m/sec (headwind)  a t  0.7584 r a d i a n  t o  t h e  runway 
c e n t e r  l i n e  t h e  f l a p  d e f l e c t i o n  used  was 0 .2618 r a d i a n  s o  a s  t o  a c h i e v e  
a p i t c h u p  a t t i t u d e  a t  touchdown.  A s  t h i s  wind v e c t o r  was t h e  o n l y  one  u s e d ,  
t h e  e x a c t  v a r i a t i o n  o f  t h e  maximum f l a p  s e t t i n g  w i t h  wind i s  n o t  known. 
C 
__ Letdown-system c o n s t r a i n t s . -  The l e t d o w n  s y s t e m  used  i n  t h e  b a s i c  a u t o -  
l a n d  sys t em i s  c o n s t r a i n e d  so  t h a t  l e tdown  d o e s  n o t  s t a r t  u n t i l  t h e  f l i g h t -  
p a t h - a n g l e  command a t  t h e  start  o f  a l a n d l n g  maneuver  i s  g r e a t e r  t h a n  
-0.073 r a d i a n .  The a i r p l a n e  m a i n t a i n s  c o n s t a n t  a l t i t u d e  f l i g h t  u n t i l  t h e  
l e tdown  c o n d i t i o n s  a r e  met. The a b i l i t y  of  t h i s  sys t em t o  h o l d  a l t i t u d e  
w h i l e  making t u r n s  was d e m o n s t r a t e d  i n  r e f e r e n c e  1 .  The i n t r . o d u c t i o n  of  
winds  and t u r b u l e n c e  d i d  n o t  a l t e r  t h i s  a b i l i t y .  F l i g h t - p a t h - a n g l e  con- 
s t r a i n t s  up t o  -0.10472 r a d i a n  have  been  used  s u c c e s s f u l l y .  
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A f l i g h t - p a t h  c o n s t r a i n t  t h a t  forces t h e  s y s t e m  t o  c o n t r o l  t h e  f l i g h t  
p a t h  t o  a s p e c i f i e d  p l a n e  was a l s o  i n v e s t i g a t e d .  Note t h a t  t h e  f l i g h t - p a t h  
c o n s t r a i n t  s e l e c t e d  is  o n l y  one  o f  a number of p o s s i b l e  c o n s t r a i n t s ;  f o r  
ins tance ,  a c u r v e  s u r f a c e  c o u l d  have  been  u s e d .  The f l i g h t - p a t h  c o n s t r a i n t  
used  was s e l e c t e d  b e c a u s e  i t  was t h o u g h t  t o  b e  more , g e n e r a l l y  a p p l i c b l e  t h a n  
t h e  o t h e r s .  
The p l a n e  used  is  d e f i n e d  by two l i n e s  t h a t  are p e r p e n d i c u l a r  t o  t h e  
p l a n e  d e f i n e d  by t h e  runway c e n t e r  l i n e  and t h e  v e r t i c a l  t o  i t .  The first 
l i n e  p a s s e s  t h r o u g h  t h e  p r e s e n t  p o s i t i o n  of t h e  a i r p l a n e ,  and t h e  second  
t h r o u g h  t h e  s tar t -of-f lare  p o i n t .  ( S e e  f i g .  3 . )  The s l o p e  o f  t h e  p l a n e  i s  
g i v e n  by 
The a n g l e  5 is c o n t i n u o u s l y  c a l c u l a t e d  u n t i l  i t  i s  e q u a l  t o  a p r e d e t e r -  
mined v a l u e  o f  y c a l l e d  
c a l c u l a t e d  by t h e  fo rmula  
y p .  When 5 = y l e t d o w n  starts and Y, is P’  
Y = Y c o s  + C P  ( 1 9 )  
where J1 is  t h e  h e a d i n g  a n g l e  o f  t h e  v e l o c i t y  v e c t o r  w i t h  r e s p e c t  t o  t h e  
runway center l i n e .  The u s e  of  t h e  h e a d i n g  a n g l e  i n  as a c o s i n e  func -  
t i o n  i s  so  t h a t  t h e  a i r p l a n e  d e c r e a s e s  i ts  f l i g h t - p a t h  a n g l e  as i t  t u r n s  
towards  t h e  p e r p e n d i c u l a r  t o  t h e  runway c e n t e r  l i n e .  
I n  a d d i t i o n  t o  e q u a t i o n s  ( 1 8 )  and ( l g ) ,  a l o g i c  b l o c k  is  n e c e s s a r y  f o r  
t h o s e  cases t h a t  have  a n  i n i t i a l  h e a d i n g  a n g l e  g r e a t e r  t h a n  a / 2  r a d i a n s .  
T h i s  l o g i c  h o l d s  ye = 0 and p r e v e n t s  t h e  c a l c u l a t i o n  of 5 ( eq .  (18) )  
u n t i l  i l l  < 0 and $ a / 2 .  
The a l t i t u d e  time h i s t o r y ,  a l t i t u d e  t r a c k ,  and g round  t r a c k  f o r  a p l a n e -  
c o n s t r a i n e d  l e tdown  are  shown i n  f i g u r e  4 .  The ground t r a c k  ( f i g .  4 ( c ) )  
is t h e  u s u a l  ground t r a c k  fo r  t h i s  i n i t i a l  c o n d i t i o n ,  which i s  
C 1  = -3000.0 meters, 
Wind and t u r b u l e n c e  were n o t  used  i n  t h i s  case. Two c u r v e s  are  shown f o r  
t h e  a l t i t u d e  t r a c k  and a l t i t u d e  time h i s t o r y .  The c u r v e  w i t h  t h e  p l u s  
marks is t h e  d e s i r e d  f l i g h t  p a t h ,  and t h e  unmarked c u r v e  i s  t h e  a c t u a l  
f l i g h t  p a t h .  The p l u s  marks are a l s o  time marks  and 2.”e spaced  a t  5-second 
i n t e r v a l s .  A s  c a n  be s e e n ,  t h e  a i r p l a n e  when l e t t i n g  down i s  a c t u a l l y  
f l y i n g  s l i g h t l y  above  t h e  d e s i r e d  f l i g h t  p a t h .  T h i s  t y p e  o f  f l i g h t  i s  
a c c e p t a b l e  as i t  is b e t t e r  t o  f l y  s l i g h t l y  above  t h e  g l i d e  s l o p e  t h a n  below 
i t .  I n  a d d i t i o n  t o  t h e  change  i n  ye  it was n e c e s s a r y  t o  change  t h e  g a i n  
k16 
case are 
C 2  = -4000.0 meters, h = 200 meters, and Q i  = 0 .0 .  
i n  e q u a t i o n  ( 1 7 )  from 1.0  t o  2 .1 .  The touchdown c o n d i t i o n s  f o r  t h i s  
’$ = -4.72 x r a d  
$ = 1.895 x r a d  
52 = -2.624 m 
8 
VT = 69.89 m/sec 
8 = 3.09 x r a d  
c 1  = 2 .83  x l o 2  m 
y = -8.761 x r a d  
Wz = 0.061 m/sec 
j 
and a l l  are w i t h i n  a c c e p t a b l e  l i m i t s .  F i g u r e  5 shows t h e  a l t i t u d e  time 
h i s t o r y  and a l t i t u d e  t r a c k  f o r  p l a n e - c o n s t r a i n e d  f l i g h t  a t  t h e  same i n i t i a l  
c o n d i t i o n  when wind and t u r b u l e n c e  were added t o  t h e  s i m u l a t i o n .  The re  w a s  
no d i s c e r n i b l e  a l t e r a t i o n  i n  t h e  ground t r a c k .  Even i n  t h e  heavy  wind and 
t u r b u l e n c e  used i n  t h i s  problem t h e  s y s t e m  was a b l e  t o  c o n t r o l  t h e  f l i g h t '  
p a t h  t o  w i t h i n  r e a s o n a b l e  l i m i t s  o f  t h e  d e s i r e d  f l i g h t .  The l a r g e  e x c u r s i o n  
t h a t  starts a t  a b o u t  68 s e c o n d s  is  c a u s e d  by t h e  a i r p l a n e  e n t e r i n g  a r e g i o n  
of  heavy h o r i z o n t a l  t u r b u l e n c e  and down b l a s t s .  (See f i g .  2 . )  I n  s p i t e  o f  
t h e  s e v e r i t y  o f  t h e  t u r b u l e n c e  t h e  s y s t e m  was a b l e  t o  m a i n t a i n  c o n t r o l  o f  
t h e  a i r p l a n e  and e f f e c t  a r e a s o n a b l e  l a n d i n g .  The touchdown c o n d i t i o n s  f o r  
t h i s  case are 
4 = 1.391 r a d  
I$ = 1.534 x 10-1 rad 
C 2  = 1.177 x I O 1  m 
VT = 7.421 x 10'  m/sec 
e = 2.775 x 10-3 rad 
51  9.873 m 
y = -1.446 x pad  
Wz = 1.073 m/sec 
j 
Three touchdown c o n d i t i o n s  J I ,  C 2 ,  and w z j  are u n a c c e p t a b l e .  The c a u s e  o f  
6 and c2 n o t  m e e t i n g  s t a n d a r d s  i s  p r o b a b l y  t h e  t u r b u l e n c e  t h a t  h i t  t h e  
a i r p l a n e  a t  60 s e c o n d s .  A s  t h e  l a n d i n g  t o o k  p l a c e  11 s e c o n d s  a f t e r  t h e  
o n s e t  o f  t h e  e x t r e m e  t u r b u l e n c e ,  l i t t l e  t i n e  was a v a i l a b l e  t o  r e c o v e r  and 
c o r r e c t  p a t h  f l u c t u a t i o n s  c a u s e d  by t h e  t u r b u l e n c e .  The c o n d i t i o n  wz is  
1 .073  m/sec above t h e  largest  p e r m i s s i b l e  v a l u e .  T h i s  e x c e s s  v e r t i c a l  s p e e d  
i s  a t t r i b u t e d  t o  t h e  down b l a s t s  and poor  s p e e d - c o n t r o l  s y s t e m .  The s p e e d  
was a b o u t  7 .0  m/sec above  t h e  commanded v a l u e  of 67 m/sec. If t h e  commanded 
v a l u e  had been met, Wz 
v a l u e  f o r  t h i s  p a r a m e t e r .  
j 
would have been below t h e  maximum p e r m i s s i b l e  
j 
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S p e e d - c o n t r o l  systcem.- The d e t a i l s  of t h e  o r i g i n a l  s p e e d - c o n t r o l  s y s t e m  
are given i n  a p p e n d i x  A .  A s  i n d i c a t e d  i n  a p p e n d i x  A ,  t h e  g a i n  k I 5  h a s  a 
v a l u e  of 1.0.  The c u r v e  l a b e l e d  A i n  f i g u r e  6 shows t h e  s p e e d  r e g u l a t i o n  . 
o b t a i n e d  w i t h  t h i s  s y s t e m  ( s e e  t a b l e  I )  i n  s t i l l  a i r .  The i n i t i a l  s p e e d  was 
77.12 m/sec a n d ,  as soon as t h e  a i r p l a n e  s t a r t e d  t o  l e t  down, be tween 0.0 
and 1.0 s e c o n d ,  a s p e e d  change  t o  72 .43  m/sec was g i v e n .  A t  a b o u t  40 sec- 
onds  t h e  s p e e d  e n t e r e d  t h e  dead  band of k l . 0  m/sec and  r ema ined  w i t h i n  t h e  
dead  band u n t i l  a new s p e e d  command of 67 .0  m/sec was i n t r o d u c e d  a t  a b o u t  
73 s e c o n d s .  The c o n t r o l  s y s t e m  was n e v e r  a b l e  t o  b r i n g  t h e  speed  t o  w i t h i n  
fl .O-m/sec dead  band a r o u n d  t h e  new command s p e e d .  The root-mean-square 
(rms) e r r o r  i n  s p e e d  from 0 t o  73 s e c o n d s  was 3 .12  and from 73 s e c o n d s  on 
was 3.11. Curve  B shows t h e  e f f e c t  o f  r e d u c i n g  t h e  g a i n  k l 5  t o  0 .45 .  
The dead  band was a c h i e v e d  a t  a b o u t  40 s e c o n d s  b u t  t h e  l a r n e  o v e r s h o o t  a t  
t h e  b e g i n n i n g  f o l l o w e d  by  t h e  u n d e r s h o o t  c a u s e d  t h e  rms e r ro r  t o  i n c r e a s e  t o  
3.52. However, b e t t e r  s p e e d  r e n u l a t i o n  was a c h i e v e d .  The dead  band was 
a c h i e v e d  2 s e c o n d s  b e f o r e  touchdown, t h e  end of t h e  t r ace .  I n  t h i s  case t h e  
rms error  f o r  r e g u l a t i o n  a round  67 m/sec was 2.83. I n  s p i t e  of t h e  p o o r e r  
rms error  o v e r  t h e  f i rs t  p a r t  o f  c u r v e  B ,  i t  was c o n s i d e r e d  more a c c e p t a b l e  
t h a n  c u r v e  A b e c a u s e  of t h e  b e t t e r  speed  c o n t r o l  o v e r  t h e  c r i t i c a l  f i n a l  
p a r t  of t h e  r u n .  The l a n d i n g  c o n d i t i o n s  f o r  t h e  r u n s  from which  c u r v e s  A 
and B were a b s t r a c t e d  were a c c e p t a b l e .  The s p e e d  r e s p o n s e  when wind and 
t u r b u l e n c e  were added  ( s e e  t a b l e  I> i s  shown a s  c u r v e  C i n  f i g u r e  6 .  I n  
t h i s  case ,  t h e  speed  n e v e r  e n t e r s  and h o l d s  w i t h i n  t h e  f l -m/sec  dead  b a n d ,  
and t h e  time r e p r e s e n t e d  i s  s h o r t e r  b e c a u s e  t h e  a i r p l a n e  l a n d e d  s h o r t  o f  t h e  
touchdown p o i n t .  
l e s s  t h a n  i n  o t h e r  cases a t  t h e  b e g i n n i n g  o f  t h e  r u n ,  t h e  rms e r r o r  o v e r  t h e  
first 74 s e c o n d s  i s  s l i g h t l y  smaller,  2 .98 ;  however ,  from t h a t  p o i n t  t o  t h e  
end o f  t h e  r u n  t h e  r m s  e r ror  i s  7.8G. 
Because  t h e  e x c u r s i o n s  from t h e  commanded v e l o c i t y  are  
Because  of t h e  poor  r e s p o n s e  of j e t  e n g i n e s  t o  c a l l s  f o r  t h r u s t  c h a n g e s  
and b e c a u s e  f u r t h e r  c h a n g e s  i n  
speed  r e s p o n s e ,  i t  was d e c i d e d  t o  i n v e s t i g a t e  t h e  u s e  of ae rodynamic  s u r -  
faces  as s p e e d - c o n t r o l  d e v i c e s .  
k I 5  g i v e  n o  s i g n i f i c a n t  improvement i n  
P u r e  d r a g  s u r f a c e s . -  T h e  f irst  t y p e  o f  s u r f a c e  t o  b e  c o n s i d e r e d  f o r  
speed  c o n t r o l  was a p u r e  d r a g  s u r f a c e  o r  s p e e d  b r a k e .  Mhen t h i s  s u r f a c e  was 
u s e d ,  t h e  a i r p l a n e  was t r i n m e d  w i t h  t h e  speed  b r a k e s  u n d e f l e c t e d .  Deflec- 
t i o n s  o f  t h e  speed  brakes were used t o  c o n t r o l  t h e  s p e e d  of  t h e  a i r p l a n e  by 
chanp ing  t h e  d e f l e c t i o n  anrr le  of t h e  speed-b rake  p a n e l s .  I t  was assumed 
t h a t  t h e  speed  b r a k e s  were f l a t  p l a t e s  w i t h  a d r a e  c o e f f i c i e n t  o f  1 .0  when 
t h e y  were d e f l e c t e d  p e r p e n d i c u l a r  t o  t h e  p l a n e  of symmetry of t h e  a i r D l a n e .  
For i n t e r m e d i a t e  s e t t i n q s  i t  was assumed t h a t  t h e  d r a g  c o e f f i c i e n t s  v a r i e d  
d i r e c t l y  as t h e  s i n e  o f  t h e  d e f l e c t i o n  a n g l e .  Deta i l s  o f  t h e  sys t em used  t o  
c o n t r o l  t h e s e  s p e e d  b r a k e s  a r e  ,g!iven i n  a p p e n d i x  B. The a b i l i t y  o f  t h e  drae: 
f l a p s  t o  c o n t r o l  t h e  speed  o f  t h e  a i r p l a n e  i s  compared w i t h  t h a t  o f  t h e  a u t o -  
matic t h r o t t l e  i n  f i g u r e  7 .  T h e  a u t o m a t i c - t h r o t t l e  s p e e d  c o n t r o l  i s  r e p r e -  
s e n t e d  by c u r v e  Z and t h e  d r a p  f l a p s  by c u r v e  D .  Over t h e  f i rs t  74 s e c o n d s  
t h e  rms e r r o r  f o r  t h e  d r a g  f l a p  was 1 .12  as  compared w i t h  2 .96  f o r  t h e  a u t o -  
matic t h r o t t l e .  Dur ing  t h e  t i n e  from 74 s e c o n d s  t o  touchdown,  t h e  rms 
e r r o r s  were 2 .42  and 7 . 8 0 ,  r e s p e c t i v e l y .  The touchdown c o n d i t i o n s  f o r  d r a g  
f l a p s  were a c c e p t a b l e  e x c e p t  f o r  t h e  v e r t i c a l  touchdown s p e e d ,  which was 
m a r g i n a l  a t  1.39 d s e c .  T h i s  h i g h e r  t h a n  a c c e p t a b l e  touchdown s p e e d  proba-  
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b l y  r e s u l t s  from t h e  h i g h  t u r b u l e n c e  t h a t  o c c u r r e d  from 68 t o  77 s e c o n d s .  
A compar i son  o f  c u r v e s  C and D o f  f i g u r e  7 shows t h a t  t h e  d r a g  f l a p s  p r o v i d e  
fas te r  and more p r e c i s e  c o n t r o l  o f  t h e  speed  t h a n  do  t h e  a u t o m a t i c  t h r o t -  
t l e s .  However, i n  o r d e r  t o  a c c o m p l i s h  t h e  s p e e d  r e g u l a t i o n ,  t h e  d r a g  f l a p s  
had t o  p r o v i d e ,  based  on  wine: a r e a ,  a n  i n c r e a s e  of 0.11 i n  t h e  d r a g  c o e f f i -  
c i e n t .  Under t h e  a s s u m p t i o n s  c o n c e r n i n g  t h e  d r a g  f l a p s ,  t h i s  means t h a t  t h e  
d r a g  f l a p s  would have  t o  have  a n  area e q u i v a l e n t  t o  t h e  a r e a  o f  t h e  wing 
f l a p s .  Eecause  o f  t h e  s i z e  e q u i v a l e n c e  i t  was d e c i d e d  t o  i n v e s t i g a t e  t h e  
u s e  o f  wing f l a p s  as  a s p e e d - c o n t r o l  d e v i c e .  
Wine: f l a p s . -  Excep t  f o r  t h e  change  i n  c o n s t a n t s  (see a p p e n d i x  B ) ,  t h e  
c o n t r o l  sys t em used  f o r  t h e  wing f l a p s  was t h e  same as  t h a t  used  f o r  t h e  d r a g  
f l a p s .  The wing f l a p s  were a t  a n  i n i t i a l  d e f l e c t i o n  o f  77/12 r a d i a n s  and 
t h e  t h r u s t  t r immed.  T h i s  t h r u s t  was t h e n  h e l d  c o n s t a n t  t h r o u g h o u t  t h e  l a n d -  
i n g  maneuver .  The s p e e d  r e q u l a t i o n  o b t a i n e d  from t h e  u s e  o f  wing  f l a p s  is  
compared w i t h  t h a t  o b t a i n e d  from a u t o m a t i c  t h r o t t l e s  i n  f i s u r e  7. Curve E i s  
f o r  t h e  win? f l a p s  and c u r v e  C i s  f o r  t h e  a u t o m a t i c  t h r o t t l e .  The rms o v e r  
t h e  f i rs t  74 s e c o n d s  was 0.51 f o r  wing f l a p s  and 2.96 f o r  t h e  a u t o t h r o t t l e .  
Over t h e  c r i t i c a l  f i n a l  p a r t  o f  t h e  l and ine :  maneuver ,  t h e  r m s  e r r o r s  were 
1 .58  and 7 .80 ,  r e s p e c t i v e l y ,  f o r  t h e  w i n e  f l a p s  and a u t o m a t i c  t h r o t t l e s .  The 
rms e r r o r  i n  s p e e d  o b t a i n e d  f o r  t h e  wing flaDs r e p r e s e n t s  a n  improvement  o v e r  
t h a t  o b t a i n e d  f o r  t h e  speed  b r a k e s .  The wing- f l ap  s p e e d - c o n t r o l  touchdown 
c o n d i t i o n s  g i v e n  i n  t a b l e  I a re  w i t h i n  a c c e p t a b l e  l i m i t s .  An e x a m i n a t i o n  o f  
t h e  a c c e l e r a t i o n s  a l o n g  t h e  x body a x i s  o f  t h e  a i r p l a n e  showed t h a t  t h e  
maximum a c c e l e r a t i o n  was -0 .22  g u n i t  ( l e ;  9 .80665 m/sec ) and o c c u r r e d  j u s t  
a f t e r  t h e  speed  change  commands were g i v e n .  T h i s  a c c e l e r a t i o n  i s  a l i t t l e  
h i g h  f o r  p a s s e n g e r  c o m f o r t  b u t  c o u l d  b e  r e d u c e d  by  r e s t r i c t i n n  t h e  f l a p -  
d e f l e c t i o n  r a t e .  The most s i g n i f i c a n t  d i f f e r e n c e  i s  t h e  time t a k e n  by  t h e  
speed  b r a k e s  t o  r e d u c e  t h e  s p e e d  a f t e r  a command was g i v e n .  The  speed-  
r e d u c t i o n  commands o c c u r r e d  a t  p o i n t s  0 .001 second and a t  74 s e c o n d s .  After 
t h e  f i rs t  command, i t  t o o k  t h e  s p e e d  b r a k e s  14 s e c o n d s  t o  a c h i e v e  a sDeed 
l e v e l  t h a t  t h e  wing f l a p s  a c h i e v e d  i n  4 s e c o n d s .  After t h e  second  speed  con- 
mand, t h e  speed  b r a k e s  were n o t  a b l e  t o  r e d u c e  t h e  s p e e d  t o  67 m/sec b e f o r e  
touchdown,  whereas t h e  wing f l a p s  were ab ie  t o  r e d u c e  t h e  s p e e d  t o  67 d s e c  
i n  6 s e c o n d s .  The  d e l a y  i n  s p e e d  r e g u l a t i o n  a s s o c i a t e d  w i t h  t h e  s p e e d  
b r a k e s  a t  t h e  s t a r t  o f  t h e  l a n d i n g  maneuver is  t o l e r a b l e ,  a s  i t  o c c u r s  f a r  
from touchdown and between 1 4  and 74 s e c o n d s .  D i f f e r e n c e s  i n  speed  r e p u l a -  
t i o n  are n e g l i g i b l e .  However, t h e  d e l a y  i n  a c h i e v i n g  67 m/sec i s  more c r i t -  
i c a l ,  as i t  o c c u r s  d u r i n g  t h e  l a s t  f e w  s e c o n d s  o f  f l i g h t .  
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The mot ions  of  t h e  speed  b r a k e s  and wing f l a p s ,  when used  t o  c o n t r o l  
s p e e d ,  a re  a b o u t  t h e  same;  b o t h  a r e  r e s p o n d i n g  t o  t u r b u l e n c e .  S e e  f i g u r e s  8 
and 9 f o r  time h i s t o r i e s  of t h e  speed-b rake  and w i n g - f l a p  m o t i o n s .  The most  
e r r a t i c  mot ion  o c c u r s  a.round 70 s e c o n d s  when t h e  t u r b u l e n c e  i s  most  s e v e r e .  
Al though t h e  m o t i o n s  are e q u a l l y  e r r a t i c ,  t h e  damping g a i n  r e q u i r e d  w i t h  
s p e e d  b r a k e s  was a b o u t  2.5 times t h a t  r e q u i r e d  f o r  winq f l a p s .  
The r e s u l t s  o b t a i n e d  from t h e  t h r e e  methods  o f  s p e e d  c o n t r o l ,  a u t o t h r o t -  
t l e ,  s p e e d  b r a k e s ,  and  wing f l a p s ,  i n d i c a t e  t h a t  wing  f l a p s ,  b e c a u s e  o f  t h e  
p r e c i s e  speed  c o n t r o l ,  c o n s t i t u t e  t h e  most  d e s i r a b l e  method.  
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Wing-f lap speed  c o n t r o l  was t r i e d  f o r  o t h e r  wind c o n d i t i o n s  t h a n  t h o s e  
g i v e n  i n  t h i s  s e c t i o n .  The s p e e d  c o n t r o l  was e q u a l l y  good unde r  a l l  c o n d i -  
t i o n s  i n v e s t i g a t e d ,  b u t  i t  was found t h a t  f l a p - d e f l e c t i o n  a n g l e s  had t o  be 
i n c r e a s e d  so  as t o  o b t a i n  Food speed r e g u l a t i o n  f rom a windspeed  o f  
25.80 m/sec t o  z e r o  windspeed .  
E f f e c t o f o n  touchdswg-condLtidItio_ns.- An e x a m i n a t i o n  of  t h e  
touchdown c o n d i t i o n s  f o r  t he  v a r i o u s  methods  o f  s p e e d  c o n t r o l  g i v e n  i n  
t a b l e  I shows t h a t  c a s e  E h a s  t h e  b e s t  touchdown c o n d i t i o n s  o f  t h e  g r o u p .  
The ground tracks f o r  c a s e s  C and E are  shown i n  f igure 10. The o n l y  d i f -  
f e r e n c e  be tween t h e  s y s t e m s  t h a t  p roduced  t h e  g round  tracks i s  t h e  method of 
speed  c o n t r o l .  When wing- f l ap  speed  c o n t r o l  i s  u s e d ,  t h e  first t u r n  is  
t i g h t e r  and t h i s  i n f l u e n c e s  t h e  ground t rack  and l e t d o w n .  Note t h a t  c u r v e  E 
a l i n e s  w i t h  t h e  runway s o o n e r  t h a n  d o e s  c u r v e  C ,  and there  i s  a s h o r t  p e r i o d  
of  s t r a i g h t  f l i g h t  b e f o r e  touchdown. The e f f e c t  c f  t h e  t i g h t e r  f irst  t u r n ,  
caused  by b e t t e r  speed  c o n t r o l ,  causes t h e  small d i f f e r e n c e s  i n  t h e  s u b s e -  
q u e n t  ground t rack .  T h i s  e f fec t  is a p p a r e n t l y  t h e  main f a c t o r  i n  p r o d u c i n g  
t h e  be t te r  touchdown c o n d i t i o n s  o f  c a s e  E .  
L a t e r a l  Guidance  C o n s i d e r a t i o n s  
A t  t h e  b e g i n n i n g  o f  t h i s  paper  material was p r e s e n t e d  t h a t  m o d i f i e d  t h e  
l a t e ra l  g u i d a n c e  s o  t h a t  i n i t i a l  h e a d i n g  a n g l e s  g rea te r  t h a n  r/2 c o u l d  be 
u s e d .  An i n i t i a l  c o n d i t i o n  C1 = -1012 meters, c2 -4000 meters, 
h = 540 meters, and 6 .  = IT was se lec ted  t o  d e m o n s t r a t e  t h e  adequacy  o f  
these c h a n g e s .  A s  wind and t u r b u l e n c e  were u s e d  f o r  t h i s  check,  t h e  h e a d i n g  
a n g l e  o f  t h e  v e l o c i t y  v e c t o r  was l e s s  t h a n  TI r a d i a n s .  A s  c a n  b e  s e e n  from 
f i g u r e  1 1 ,  b o t h  t h e  pround t r a c k  and a l t i t u d e  were good.  The l a n d i n g  c o n d i -  
t i o n s  f o r  t h i s  case were n o t  s a t i s f a c t o r y ,  t h e  o v e r s h o o t  was t o o  a r ea t ,  and 
b o t h  6 and e were o u t s i d e  of t h e  l i m i t s .  The poor l a n d i n g  c o n d i t i o n s  
were due t o  t h e  s h a l l o w n e s s  o f  t h e  g l i d e  s l o p e ,  which was a b o u t  
-0.01745 r a d i a n  a t  t h e  start  o f  t h e  f l a r e .  When t h e  g l i d e  s l o p e  was 
i n c r e a s e d  so  t h a t  a t  t h e  s tar t  o f  t h e  f l a r e  i t  was -0.05044 r a d i e n ,  a l l  
l a n d i n g  c o n d i t i o n s  were s a t i s f a c t o r y .  The g l i d e  s l o p e  may b e  i n c r e a s e d  by 
i n c r e a s i n g  t h e  i n i t i a l  a l t i t u d e  o r  by r e s t r i c t i n g  t h e  l e tdown  u n t i l  t h e  
h e a d i n g  a n g l e  is  e q u a l  t o  o r  l ess  t h a n  r/2. The fo rmer  method was used  i n  
t h i s  s t u d y .  
I n  t h e  l a n d i n g  maneuver shown i n  f i g u r e  1 1 ,  t h e  t i i r n  i s  s i m p l e ,  t h a t  i s ,  
t h e  roll a n g l e  d o e s  n o t  change  s i g n ;  t h e r e f o r e  
r i t h m  ( e q .  ( 1 6 ) )  i s  d e t e r m i n e d  by t h e  e x p r e s s i o n  kl 
f o r  t h e  g u i d a n c e  a l g o -  
T h i s  e x p r e s s i o n  i s  used  f o r  t h e  second c a l c u l a t i o n  o f  
r e f e r e n c e  2. k l  
i n  a p p e n d i x  B o f  
Avoidance o f  r e s t r i c t ed  areas.- I n  t h e  c o n t e x t  o f  t h i s  p a p e r ,  r es t r ic ted  
areas are i n t e r p r e t e d  as m o u n t a i n s ,  water t o w e r s ,  b u i l d i n g s ,  and ground 
areas o v e r  which f l i g h t  is  n o t  p e r m i t t e d .  The basic sys t em r e p o r t e d  i n  ref- 
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e r e n c e s  1 and 2 and used  i n  t h i s  p a p e r  was t o  be used  o v e r  t h e  l a s t  
120 s e c o n d s  o f  f l i g h t ,  t h a t  i s ,  t h e  f i n a l  a p p r o a c h  and touchdown. Dur ing  
t h i s  p e r i o d  it was assumed t h a t  a l l  res t r ic ted  areas would have  been  p a s s e d .  
However, res t r ic ted areas c o u l d  be  h a n d l e d  by a s suming  t h a t  t h e  d e s i r e d  
h e a d i n g  a n g l e s  are s u p p l i e d  from ground c o n t r o l  and by u s i n g  t h e  same t u r n  
a l g o r i t h m  ( e q .  ( 1 6 ) )  as  n o r m a l l y  u s e d  f o r  l a n d i n g  a p p r o a c h e s .  I n  t h i s  case, 
is set  e q u a l  t o  z e r o  and k2 is p o s i t i v e .  The v a l u e s  o f  k ,  and k 
would be m a i n t a i n e d  u n t i l  t h e  f i n a l  a p p r o a c h  was s t a r t ed .  
would be d e t e r m i n e d  by t h e  method g i v e n  i n  a p p e n d i x  B o f  r e f e r e n c e  2 and t h e  
s i g n  o f  k2 changed  s o  t h a t  k2 i s  now n e g a t i v e .  
k l  A t  t h i s  time El 
Landing  maneuver s e n s i t i v i t y  t o  5 a i n  k l . -  When the  i n i t i a l  p o s i t i o n  o f  
t he  a i r p l a n e  is  s u c h  t h a t  l c l l  1 ~ ~ 1  t h e  e x e c u t i o n  o f  t h e  l a n d i n g  maneu- 
v e r  is  v e r y  s e n s i t i v e  t o  t h e  v a l u e  o k ,  i n  e q u a t i o n  ( 1 6 ) .  The s e n s i t i v -  
i t y  i n c r e a s e s  a s  t h e  wind decreases and i s  maximum a t  t h e  z e r o  wind c o n d i -  
t i o n .  Table I1 g i v e s  t h e  l a n d i n g  c o n d i t i o n s  f o r  t he  i n i t i a l  c o n d i t i o n  
= 5 = -4000 meters, h = 540 meters, and $i = 0.0 f o r  v a r i o u s  v a l u e s  
:$ ki?1) .  The v a l u e  of  k l ( l )  was s p e c i f i e d  and t h e  second v a l u e  was cal-  
c u l a t e d  i n  t h e  u s u a l  manner .  No wind or  t u r b u l e n c e  was used  i n  these c a l c u -  
l a t i o n s .  I n  t h e  f o l l o w i n g  d i s c u s s i o n  two v a l u e s  o f  k l  w i l l  be referred t o  
k l ( l ) ,  t h e  k l  c a l c u l a t e d  a t  t h e  s t a r t  o f  t h e  l a n d i n g  maneuver ,  and k 1 ( 2 ) ,  
t h e  v a l u e  o f  k l  c a l c u l a t e d  a t  t he  c o m p l e t i o n  o f  t h e  f i rs t ,  t h a t  i s ,  as  41 
p a s s e s  t h r o u g h  z e r o .  The p o i n t s  o f  c a l c u l a t i o n s  o f  these  g a i n s  are  shown on 
a t y p i c a l  S-curve  ground t rack  i n  f i g u r e  12. I n s p e c t i o n  o f  these data 
( t a b l e  11) shows t h a t  a v a l u e  k ( 1 )  between 1 .55  and 1 .60  g i v e s  t h e  bes t  
a l l  a round  l a n d i n g ,  whereas f o r  ' k l  ( 1 )  = 1 . 7 5 ,  a v a l u e  d e t e r m i n e d  by  t h e  
g u i d a n c e  a l g o r i t h m ,  t h e  h e a d i n g  a n g l e  i s  o u t s i d e  a c c e p t a b l e  l i m i t s .  When 
k l  f rom -2.15 meters t o  -6 .08  meters. I n  n e i t h e r  case h a s  t h e  a i r p l a n e  r e a c h e d  
t h e  runway c e n t e r  l i n e ;  whereas i n  c a s e  G ,  k l ( l )  1 . 5 5 ,  w h i l e  n o t  r e a c h i n g  
t h e  c e n t e r  l i n e  was a l m o s t  c e n t e r e d  on t h e  runway.  The ground t r acks  and 
h e a d i n g - a n g l e  time h i s t o r i e s  f o r  c a s e s  G and K are shown i n  f i g u r e  13. The 
small  v a l u e  of k l ( l )  
first t u r n  so  t h a t  t h e  a i r p l a n e  v e l o c i t y  v e c t o r  i s  c l o s e r  t o  t h e  p e r p e n d i c u -  
l a r  t o  t h e  runway c e n t e r  l i n e ,  and when 
smaller v a l u e  and l e n g t h e n s  t h e  time d e v o t e d  t o  t h e  second t u r n .  The t o t a l  
i n c r e a s e  i n  time f o r  case G o v e r  c z s e  I( was 5.7 s e c o n d s ,  enough t o  g i v e  be t -  
t e r  l a n d i n g  maneuver p e r f o r m a n c e .  One way t o  l e n g t h e n  t h e  time t o  l a n d  and 
c o n s e q u e n t l y  t h e  l e n g t h  o f  t h e  ground t r a c k  w i t h o u t  c h a n g i n g  t h e  c a l c u l a t e d  
v a l u e  o f  k l ( l )  
When t h i s  is d o n e ,  e q u a t i o n  ( 1 6 )  becomes 
i n c r e a s e d  L;2 w a s  i n c r e a s e d  t o  1 -80 ,  t h e  h e a d i n g  a n g l e  was larger  and 
i n  c a s e  G i n c r e a s e s  t h e  l e n g t h  o f  time d u r i n g  t h e  
k 1 ( 2 )  i s  ca l cu la t ed ,  i t  has  a 
is t o  add t h e  i n t e g r a l  o f  t h e  e r r o r  t o  t h e  t u r n  command. 
+ 
where 
k 2 ( 2 ) ,  
Case M 
se t  t o  
( 2 0 )  
kIG is  t h e  i n t e g r a t o r  g a i n .  Case M o f  t ab le  I11 g i v e s  k l ( l ) ,  
and t h e  l a n d i n g  c o n d i t i o n s  o b t a i n e d  where a n  i n t e g r a t o r  was u s e d .  
is t h e  same as  case K e x c e p t  f o r  t h e  i n t e g r a t o r .  The g a i n  kIG was 
0.75 d u r i n g  t h e  i n t e r v a l  be tween p o i n t s  A and B on t h e  ground t r a c k  
13 
shown i n  f i g u r e  12 and t o  0.0 from p o i n t  B t o  touchdown.  The ground t r a c k  
and h e a d i n g - a n g l e  time h i s t o r y  f o r  case M a r e  shown i n  f i g u r e  13. The 
c u r v e s  f o r  case M are a l m o s t  t h e  same as t h o s e  f o r  case G ,  a s  a r e  t h e  l a n d -  
i n g  c o n d i t i o n s  g i v e n  i n  t a b l e s  I1 and 111. 
~ / 4  r a d i a n s  t o  t h e  runway c e n t e r  l i n e  was i n c l u d e d ,  no i n t e g r a t o r  was neces- 
s a r y  (see case N i n  t a b l e  1 1 1 ) ;  however ,  when t h e  wind was r e d u c e d  t o  
-12.90 m/sec, case 0 i n  t a b l e  111, a n  i n t e g r a t o r  was a g a i n  n e c e s s a r y .  How- 
ever, o n l y  h a l f  t h e  amount o f  g a i n  f o r  t h e  s t i l l - a i r  case was r e q u i r e d .  
The v a l u e  of k l ( l )  was a b o u t  ha l fway  be tween t h o s e  f o r  cases G and V. The 
ground t r a c k s  and  h e a d i n g - a n g l e  time h i s t o r i e s  f o r  cases N and 0 were p r a c -  
t i c a l l y  t h e  same as t h o s e  f o r  case M. From t h e s e  r e s u l t s  i t  is  a p p a r e n t  
i s  dependen t  on  t h e  v a l u e  o f  t h a t  t h e  v a l u e  o f  
t i o n  o f  a i r p l a n e  p o s i  i o n  and windspeed a t  t h e  time 
making kIG d e p e n d e n t  on t h o s e  q u a n t i t i e s .  When kIG was d e t e r m i n e d  by 
t h e  e x p r e s s i o n  
When a wind of -25.8 m/sec a t  
k l ,  which i s  a func-  kq 
k l  i s  d e t e r m i n e d ,  t h u s  
de t e rmined  by  eaua -  
kTG s a t i s f a c t o r y  r e s u l t s  were o b t a i n e d .  The g a i n  t i o n  ( 2 1 )  was s u b j e c t  t o  two l i m i t a t i o n s :  
khg first c o n d i t i o n  p r e v e n t s  a v a l u e  o f  k l  f rom b e i n g  used  where a n  i n t e -  
g r a t o r  is n o t  needed  as  i n  c a s e  0 o f  t a b l e  111. The second c o n d i t i o n  
r e s t r i c t s  t h e  u s e  of t h e  i n t e g r a t o r  t o  t h e  f irst  t u r n  o f  t h e  l a n d i n g  t ra jec-  
t o r y ,  f o r  example between t h e  p o i n t s  l a b e l e d  A and R on t h e  ground t r a c k  o f  
f i g u r e  12.  E a u a t i o n  ( 2 1 )  was e v a l u a t e d  o v e r  a wide r a n g e  o f  i n i t i a l  cond i -  
t i o n s  and was found t o  g i v e  s a t i s f a c t o r y  r e s u l t s .  
The f irst  i s  f o r  kIG 5 0 ,  t h e n  
= 0.0 ;  and t h e  second  i s ,  i f  k 1 ( 2 )  h a s  been  c a l c u l a t e d ,  kIG = 0 . 0 .  
E q u a t i o n  ( 2 1 )  a p p l i e s  t o  c a s e s  where a u t o m a t i c  t h r o t t l e s  were used  f o r  
speed  c o n t r o l .  A sirnilar Droblem e x i s t s  when f l a p s  a r e  used a s  a speed-  
c o n t r o l  d e v i c e ;  however ,  d i f f e r e n t  c o n s t a n t s  would have  t o  be  used  i n  
e a u a t i o n  (21  ) . 
C OM C L UD I N G R EM A R K  S 
The l e tdown  and s p e e d - c o n t r o l  subsys t em o f  t n e  l o n g i t u d i n a l  c o n t r o l  s y s -  
tem of  t h e  p o s s i b l e  a u t o m a t i c  l a n d i n g  s y s t e m  d e s c r i b e d  i n  NASA TN D-7611 and 
NASA TN D-7971 have  been  s t u d i e d .  I n  t h e  case o f  t h e  l e tdown  sys t em a 
method f o r  c o n s t r a i n i n ?  t h e  a i r p l a n e  t o  a l e t d o w n  i n  a s p e c i f i e d  p l a n e  i s  
p r e s e n t e d .  C o n s t r a i n t s  t h a t  c o n t r o l  t h e  s t e e p n e s s  o f  t h e  d e s c e n t  p a t h  o f  
t h e  o r i g i n a l  l e tdown  sys t em a r e  a l s o  g i v e n .  
The e f f e c t i v e n e s s  o f  aerodynamic  s u r f a c e s  i n s t e a d  o f  a u t o m a t i c  t h r o t t l e s  
as  s p e e d - c o n t r o l  d e v i c e s  was i n v e s t i g a t e d .  I n  g e n e r a l ,  d r a g  f l a p s  ( s p e e d  
b r a k e s )  or wing f l a p s  p rov ided  more p r e c i s e  speed  c o n t r o l  t h a n  t h e  au toma- t i c  
t h r o t t l e s .  When t h e  aerodynamic  s u r f a c e s  were u s e d ,  t h e  v e r t i c a l  touchdown 
speed  was h i g h e r  t h a n  w i t h  t h e  a u t o m a t i c  t h r o t t l e ,  b u t  w i t h i n  t h e  d e s i g n  
l i m i t s  o f  t r a n s p o r t  a i r c r a f t .  Because  o f  l e s s  f l a p  a c t i v i t y ,  wing f l a p s  
seem t o  be p r e f e r a b l e  t o  d r a p  f l a p s .  
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I n  a d d i t i o n  t o  t h e  work o n  t h e  l o n g i t u d i n a l  c o n t r o l  s y s t e m ,  m o d i f i c a -  
t i o n s  t o  t h e  l a t e r a l  c o n t r o l  s y s t e m  t o  p e r m i t  rr-radian t u r n s  a re  p r e s e n t e d .  
A method of u s i n g  i n t e g r a t o r s  t o  r e d u c e  t h e  s e n s i t i v i t y  of  t h e  l a t e r a l  g u i d -  
a n c e  s y s t e m  t o  t h e  g a i n  
a n g l e  e r r o r  of t h e  t u r n - c o n t r o l  a l g o r i t h m )  i n  t h e  roll comnand was 
d e v e l o p e d .  
k ,  ( v a r i a b l e  g a i n  f o r  t h e  pseudo- rada r  az imuth -  
Lafiglev Resea rch  C e n t e r  
N a t i o n a l  A e r o n a u t i c s  and SDace A d m i n i s t r a t i o n  
Hampton, V A  23665 
September  17,  1976 
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APPENDIX A 
AUTOMATIC-THROTTLE SPEED-CONTROL SYSTEM 
Speed c o n t r o l  was a c h i e v e d  t h r o u g h  t h e  u s e  o f  a d i g i t a l  t h r u s t  c o n t r o l  
s y s t e m .  The f o l l o w i n g  e a u a t i o n  was used  t o  compute  change  i n  t h r u s t  AT 
r e q u i r e d  t o  e l i m i n a t e  a speed  e r r o r  
where 
k I 5  = 1.0 
and 
If t h e  A T  c a l c u l a t e d  by  e q u a t i o n  ( A I )  i s  added  t o  t h e  p r e s e n t  t h r u s t  
T ,  t h e  new t o t a l  t h r u s t  is  T + AT. The t h r u s t s  T and T + AT were 
looked  up i n  t a b l e  I o f  r e f e r e n c e  1 ,  which g a v e  i n f o r m a t i o n  on  how t h e  
t h r u s t  changed w i t h  t ime. The o u t p u t  o f  t h i s  p r o c e s s  was A t ,  t h e  time i t  
would take t h e  e n g i n e  t o  change  i t s  t h r u s t  f rom T t o  T + A T .  The change  
i n  t h r u s t  was added l i n e a r l y  o v e r  t h e  time p e r i o d  A t ,  s o  when A t  s e c o n d s  
had p a s s e d ,  t h e  e n g i n e  t h r u s t  was T + AT.  After t h e  t h r u s t  was changed ,  
t h e  t h r u s t  c o n t r o l s  were s h u t  down f o r  4 s e c o n d s .  A t  t h e  end o f  4 s e c o n d s ,  
VT and fi were sampled  t o  d e t e r m i n e  whether  t h e y  were w i t h i n  t h e  c o n t r o l -  
sys t em dea.9 band.  The dead  band f o r  VT was kO.1 m/sec and f o r  6 was 
f O . l  m/sec . If t h e  e r r o r s  were w i t h i n  t h e  dead  b a n d ,  no  more c h a n g e s  were 
made. However, i f  one  o r  b o t h  e r r o r s  were o u t s i d e  t h e  dead  band ,  t h r u s t  




FLAP SPEED-CONTROL SYSTEM 
The f l a p  c o n t r o l  s y s t e m  used  fo r  s p e e d  c o n t r o l  i s  shown i n  t h e  fol lowing 
b l o c k  d iagram:  
L 
I I i' e.,. , C I  0 
. . ". L . ~  . . 
w h e r e  k18  = 1 . 4 6 1  arid k I 9  = -0 .03  when  wine ' l a p s  a r e  , .ye , ! ,  k l 8  = 1 . 1 9 0  
a n d  k -0.075 when  d r a g  f l a p s  a r e  u s e d ,  ? r  1 T = C . C I 2  Tor b o t h  
cases .  19 
f F l a p  d e f l e c t i o n  i s  p o s i t i v e  from tklz  zer'f: 1'1 io D o ? i t ; i c ; r  . F e c a u s e  E 
r e p r e s e n t s  t h e  e s t i m a t e d  c h a n g e  i n  f l a p  ~ e f l t . ~ ~ t . I ~ ~ ~ i  t o  Q:.,.. ' . k i  e e s i r e d  s p e e d  
c h a n F e ,  t h e  c u r r e n t  p o s i t i o n  o f  t h e  s e r v 3  T ~ ' , I Y ~  .- c?,!der4 ' , <  ! - .  t.o a b t a i n  
. The s t a t e - v a r i a b l e  c o n v o l c t i o n  T e i k o d  > i . h ;  :iT,vd tc . f : Y ' ~  : ' h e  i n t e i z r a -  
E f C  
t i o n s  i n  t h i s  c o n t , r o l  s y s t o q .  
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TABLE I.- LANDING C O N D I T I O N S  FOR SPEED-CONTROL CASES 
[ I n i t i a l .  c o n d i t i o n :  C1 = -3000.0 m ,  C2 = -4000.0 m ,  h = 540.0 m ,  JIi 0 . 0 ;  wind,  
-25.80 m/sec a t  r/4 rad t o  runway c e n t e r  l i n e ;  pa tchy  t u r b u l e n c e  ( see  f ig .  2 ) ]  
4 ,  rad 
J I ,  r ad  
52, m 
51, m 
Y ,  rad 
0 ,  rad 
w , m/sec 
V T ,  m/sec 
t ,  see 
j 
Z 
-6.91 x -6.27 x 
2.08 x 1.932 x IO’* 
2.29 1.83 
4.83 x 10 4.79 x IO2 
-7.71 10-3 -7.74 10-3 




-9.544 x 10 1 
-7.34 x 10 -2 






-8.93 x 10’~ 




1 6.736 x 10 
86.65 
3.23 x 10-3 
-1.52 x 10-3 
2.894 x 10 2 
9.84 X 
-6.58 x IOm3 
1.66 x lom2 
.44 
6.697 10 1 
86.45 
a A u t o t h r o t t l e  speed c o n t r o l ;  a c c e l e r a t i o n  feedback  g a i n ,  1 . O ;  no  wind; no 
b A u t o t h r o t t l e  s p e e d  c o n t r o l ;  a c c e l e r a t i o n  f e e d b a c k  p a i n ,  0.45; no wind; no 
C A u t o t h r o t t l e  speed  c o n t r o l ;  a c c e l e r a t i o n  feedback  g a i n ,  0.45; wind and 
t u r b u l e n c e .  
t u r b u l e n c e .  
t u r b u  e n c e .  
l e n c e ;  no t h r u s t  c u t .  
l e n c e ;  no t h r u s t  c u t .  
Draq-f lap speed c o n t r o l ;  a c c e l e r a t i o n  feedback F a i n ,  0.075; wind and t u r b u -  a 







1.90 x IOe2 
6.37 






TABLE 11.- E F F E C T  OF k, ON TOUCHDOWN C O N D I T I O N S  


































-4.41 x IOm2 














70.18 70.21 68.74 70.04 69.54 69 .O9 
.403 .388 .495 .IO7 .475 .753 
95.0 93.8 92.8 go. 1 89.3 88.5 
TABLE 111.- EFFECT OF INTEGRATORS I N  TURN ALGORITHM 
[ I n i t i a l  c o n d i t i o n :  c1 = c2 = -4000.0 m, h 540 m, 6; = 0.03 
\ Var i a b 1 e 
$ 9  r a d  
5 1 9  m 
5-29 m 
y ,  r a d  
V T ,  m/sec 
wz ., m/sec , 
J 
t ,  sec 
Wind, m/sec 
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RH 
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P o s i t i v e  d i r e c t i o n s  are  shown 
RH i s  r e f e r e n c e  f o r  measuring Be 
c3, RI3, z 
d = 100 m 
d = 900 m 
d = 1175 m 




F l a r e  p o i n t ,  a l t i t u d e  20 m 
F i g u r e  1 . -  Geometry 
- 
Touchdown p o i n t  
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, I  , . . , , : I  
0 20 40 60 80 100 120 140 
Time, t. sec 
( b )  T u r b u l e n c e  a l o n g  Y-axis .  
r ' .  
\,I ' \i: 
~ , , l ~ l . , l , ! ~ i , ! ; ! , , ~ ! ! ! , , ! : l , , ~ , ! , , l ; ! l . ! : ~ ' : ! , l l : ! , ' : , ~ , : ' , ' ~ : , ~ . : , . ~ !  I 
0 20 40 60 En 100 I20 iio 
Time, t, sec 
( c )  T u r b u l e n c e  a l o n g  Z-axis. 
F i g u r e  2.- T u r b u l e n c e  u s e d  i n  s t u d y ,  referred t o  as p a t c h y  t u r b u l e n c e .  
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START OF F L A R  
GROUND P L A N E  
PLANE 
Figure 3.- Geometry used to define flight plane f o r  plane-constrained cases. 
T,, m 
(a) Altitude time history. 
Time, t, sec 
(b) Altitude track. 
Figure 4.- Altitude time history, altitude track, and ground track for 
plane-constrained case; no wind or turbulence. Curve with plus marks 
is desired flight path; unmarked curve is actual flight path. Plus 




1 ,  - 
7 
'I 
-1, Direction of 












0 , ~  
1 
Direction of 
v h t  
1- . .- I ~- , -  1 . .  .- 










I 1  
I 1 L I I I I I I I I I ! ~ ! I I ! ! I I I 1 1  I I I ! I I I I I ! I I I I I 
0 -4 
I i I 1 l . U  1 1 . 1 - 1 - I  1 1  1 I 1  I I 1-1 !., 1.1 
5,. m 
-8 -12 -16 -20 -24 -28 
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F i g u r e  5.- A l t i t u d e  time h i s t o r y  and a l t i t u d e  t r ack  for p l a n e - c o n s t r a i n e d  
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Curve C (autothrottles) 
Curve E (Wing flaps) 
I 
Time, t, sec 
F i g u r e  7.- Comparison o f  speed  c o n t r o l  i n  wind and t u r b u l e n c e  f o r  c u r v e  C ( a u t o m a t i c  t h r o t t l e s ) ,  c u r v e  D 
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F i g u r e  10.- Effect of s p e e d - c o n t r o l  method on  ground t r a c k  i n  wind and 
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F i g u r e  11 . -  Landing maneuver when i n i t i a l  head ing  angle i s  greater t h a n  r /2.  r a d .  
01 4 I I I I I I I I I I I I I 
12W 800 4W 0 -4W -800 -12W -1600 -2000 -2400 -28W -3200 -3600 -4OW -44W -4800 -5Mo 
?,. m 
( b )  Altitude track. 
Figure 11.- Concluded. 
A 
-~ . __ 
F i g u r e  12.- T y p i c a l  S-curve ground t r a c k .  k l  ( 1  is c a l c u l a t e d  a t  A ;  





( a )  Ground t r a c k s .  
l i m e ,  1,  sec 
( b )  Heading-angle  time h i s t o r y .  
F i q u r e  13.-  Ef fec t  o f  chang ing  p a i n  k l  on ground t r a c k  i n  s t i l l  air. 
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